Introduction
Gastric adenocarcinoma is the fourth most common cancer and the third leading cause of cancer deaths worldwide, and the incidence of esophageal adenocarcinoma is increasing dramatically in many Western countries (1, 2) . Since traditional cytotoxic chemotherapy has not substantially improved survival rates, more hope has been placed in the potential of newer targeted therapies that will provide improvements in outcomes similar to those they have achieved in other cancers (3) (4) (5) (6) (7) . The only targeted therapeutic agent in routine use for first-line treatment of gastric and esophageal (GE) adenocarcinoma is the anti-ERBB2 monoclonal antibody trastuzumab, which is used for the ~15% of patients with ERBB2 overexpression and/or amplification. The addition of trastuzumab to empiric chemotherapy, however, led to an improvement in survival of only 2.7 months for ERBB2-positive patients and increased clinical response rates from 35% to only 47% (8) . Furthermore, a parallel study evaluating the addition of the ERBB2/EGFR dual inhibitor lapatinib to chemotherapy revealed a similar increase in response rates but no significant improvement in survival (9) . These data suggest that de novo or intrinsic resistance of ERBB2-amplified GE adenocarcinomas to ERBB2 inhibition must be overcome to improve clinical outcomes.
Most studies investigating resistance to trastuzumab have emanated from the breast cancer field. Acquired resistance to ERBB2 therapy in breast cancer can follow the activation of alternative signaling pathways involving phosphatidylinositol 3-kinase (PI3K) (10) (11) (12) (13) (14) , SRC, EGFR, and IGF1R and the cell-cycle regulator cyclin E1 (15) (16) (17) (18) . Further studies have investigated the impact on trastuzumab sensitivity of other ERBB members in breast cancer. For example, trastuzumab reportedly had the greatest benefit for ERBB2-amplified breast cancer driven by ERBB2:ERBB2 homodimers (19) . Moreover, ERBB3:ERBB2 dimerization has been reported in many ERBB2-amplified breast cancers (20) , leading to investigation of the addition of ERBB3 inhibitors to ERBB2-directed therapy (21) (22) (23) (24) .
Patients with gastric and esophageal (GE) adenocarcinoma tumors in which the oncogene ERBB2 has been amplified are routinely treated with a combination of cytotoxic chemotherapy and the ERBB2-directed antibody trastuzumab; however, the addition of trastuzumab, even when tested in a selected biomarker-positive patient population, provides only modest survival gains. To investigate the potential reasons for the modest impact of ERBB2-directed therapies, we explored the hypothesis that secondary molecular features of ERBB2-amplified GE adenocarcinomas attenuate the impact of ERBB2 blockade. We analyzed genomic profiles of ERBB2-amplified GE adenocarcinomas and determined that the majority of ERBB2-amplified tumors harbor secondary oncogenic alterations that have the potential to be therapeutically targeted. These secondary events spanned genes involved in cell-cycle regulation as well as phosphatidylinositol-3 kinase and receptor tyrosine kinase signaling. Using ERBB2-amplified cell lines, we demonstrated that secondary oncogenic events could confer resistance to ERBB2-directed therapies. Moreover, this resistance could be overcome by targeting the secondary oncogene in conjunction with ERBB2-directed therapy. EGFR is commonly coamplified with ERBB2, and in the setting of ERBB2 amplification, higher EGFR expression appears to mark tumors with greater sensitivity to dual EGFR/ERBB2 kinase inhibitors. These data suggest that combination inhibitor strategies, guided by secondary events in ERBB2-amplified GE adenocarcinomas, should be evaluated in clinical trials.
Preexisting oncogenic events impact trastuzumab sensitivity in ERBB2-amplified gastroesophageal adenocarcinoma 62 ERBB2-amplified cases. As in prior studies of SNP array-based copy numbers, amplification was defined as the estimated copy number greater than 3.7. Since the presence of non-neoplastic cells in the tumor samples attenuate the copy-number intensity, these values will systematically underestimate the actual degree of amplification in the tumor. In the genomes of these 62 tumors, we analyzed the spectrum of copy-number alterations using the GISTIC algorithm to locate genomic loci that are subject to statistically recurrent focal amplifications. With this unbiased, genomewide analysis, we identified significant foci of amplifications that localize to CCNE1, CDK6, EGFR, MET, and MYC ( Figure 1A and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI75200DS1) in addition to the expected ERBB2 peak on 17q12 and secondary peaks around ERBB2. Among these, the most statistically significant secondary alteration was the focal amplification at chromosome 19q12, which was localized by the GISTIC algorithm to a peak containing a single gene, CCNE1, encoding the cell-cycle regulator cyclin E1 (Supplemental Figure 1 ). The clear focality of the amplifications at the CCNE1 locus, coupled with the established role of CCNE1 amplifications in ovarian cancer (31) , suggest that CCNE1 amplifications are also critical events in ERBB2 + GE adenocarcinomas. To assist the interpretation of these findings regarding candidate oncogenes coamplified in untreated ERBB2-amplified GE adenocarcinomas, we performed a similar analysis of 103 (11.2%) ERBB2-amplified breast cancers (culled from 916 fresh-frozen untreated tumors profiled through TCGA; ref. 32). Within ERBB2-amplified breast tumors, the CCND1 locus was the only significantly coamplified oncogene, thus suggesting that coamplification of other secondary oncogenes is more prominent in ERBB2 + GE adenocarcinomas (Supplemental Figure 2 and Supplemental  Table 2 ). When we examined individual tumors, several GE adenocarcinomas showed striking amplifications of CCNE1, CDK6, and MET loci, whereas breast cancers showed frequent CCND1 amplifications ( Figure 1B) . EGFR amplifications were present in both tumors types but were more common in the GE adenocarcinomas (7.8% vs. 1.6%). We compared the frequency of these amplifications in the 62 ERBB2-amplified GE adenocarcinomas with those cases without ERBB2 amplification and found that CCNE1, CDK6, EGFR, and MET amplifications were present at a statistically greater frequency in the ERRB2 + cohort when compared with ERBB2 -samples (Supplemental Table 3 ). We next sought to determine whether potentially oncogenic point mutations are also present in these tumors. We queried the 42 ERBB2-amplified GE adenocarcinomas with available whole-exome sequencing data and found mutations putatively activating the PI3K pathway in 8 of 42 (19.0%) cases. These mutations impacted PIK3CA, PIK3R1, and PTEN ( Figure 2B and Supplemental Table 4 ). The PIK3CA mutations at codons 542 and 545 are well-known canonical activating mutations. In addition, 2 of the 3 PIK3R1 mutations were nonsense alterations predicted to truncate the protein. As other truncating PIK3R1 events observed in endometrial cancer have been demonstrated to activate AKT through the destabilization of PTEN (33) , the presence of these mutations in ERBB2 + GE adenocarcinoma can also reasonably be assumed to activate the PI3K pathway. Several other mutations involving the PI3K pathway, PIK3CA codon 600, PTEN codon By contrast, substantially less effort has been devoted to investigating the means of intrinsic or acquired resistance to trastuzumab and other ERBB2-targeting agents in GE adenocarcinomas. Based on cell line models, activation of the cAMP-regulated phosphoprotein t-DARPP (25) and the kinase SRC (16) has been shown to mediate acquired resistance to trastuzumab. However, it is not known which pathways are responsible for the de novo or intrinsic resistance that many ERBB2-positive patients demonstrate with ERBB2-directed therapy.
In earlier studies, we demonstrated that the genomes of primary, previously untreated GE adenocarcinoma have a rich spectrum of somatic copy-number alterations (26) and point mutations (27) . Based on these observations, we hypothesized that systematic analysis of the preexisting oncogenic mutations and copy-number alterations that often co-occur with ERBB2 amplification in GE adenocarcinomas would reveal possible etiologies of intrinsic or de novo resistance of many ERBB2-positive tumors to ERBB2-directed therapy. These genomic studies reveal that, even prior to therapy, ERBB2 amplification in GE adenocarcinoma often occurs in the context of coexisting, de novo alterations involving the PI3K pathway, other receptor tyrosine kinases (RTKs), or cell-cycle mediators. We followed these genomic observations by demonstrating in in vitro models that the presence of these co-occurring alterations can lead to intrinsic resistance to ERBB2-directed therapy and that resistance could be attenuated through the combination of an ERBB2 inhibitor and an inhibitor of the secondary alteration. Through these studies, we observed that EGFR amplification co-occurs in a subset of untreated ERBB2-positive GE adenocarcinomas and identified that a subset of tumors harbors elevated EGFR expression, even in the absence of an EGFR genomic alteration. We demonstrated that in the setting of higher EGFR expression, there was marked dimerization of ERBB2 with EGFR, thus identifying a subset of tumors in which EGFR/ERBB2 dual inhibitors may have greater efficacy than the ERBB2-directed antibody therapy currently used in patients.
These data suggest that secondary features contribute to the intrinsic resistance of many ERBB2-positive GE adenocarcinomas to current therapies. By identifying key preexisting secondary genomic and molecular features of these tumors, we may be able to develop rational, biomarker-guided combination approaches to improve therapies for these cancers.
Results
Additional oncogenic events frequently co-occur with ERBB2 amplification in GE adenocarcinomas. We first sought to identify the spectrum of baseline genomic alterations present within a population of ERBB2-amplified GE adenocarcinomas that had not been subjected to prior therapies. Since our previous studies demonstrated that the profiles of both chromosome arm-level and focal somatic copy-number aberrations of GE adenocarcinoma were more similar to each other than to any other cancer type (28), we decided to pool GE cancer data. We collected publicly available data from untreated, fresh-frozen primary GE adenocarcinomas subjected to copy-number analysis using SNP6 Affymetrix SNP arrays. Between samples from our earlier publication (26) , other published studies (29) , and The Cancer Genome Atlas (TCGA) (30), we compiled data on 743 GE adenocarcinomas and found guide trastuzumab, also incorporate evidence of ERBB2 overexpression. To determine whether secondary oncogenes are present in GE tumors with clear overexpression of ERBB2, we first queried matched SNP array and expression data from TCGA gastric cancer study and found that tumors with ~10 or more copies of ERBB2 showed marked mRNA overexpression (Supplemental Figure 5 ). Across our total of 743 cases, we identified 31 tumors with 10 or more copies of ERBB2. Among these, there were 10 cases (32%) with an amplified cell-cycle mediator (CCNE1, CDK6, or CCND1) and 4 cases with another amplified RTK (EGFR, ERBB3, or MET) (Supplemental Figure 6 ). We had 17 cases with 10 or more copies of ERBB2 with matched exome data, of which 1 case harbored a PIK3CA mutation. This subanalysis indicates that secondarily activated oncogenes are frequently present in cases with highlevel ERBB2 amplifications.
Concurrent PIK3CA mutation confers in vitro resistance to ERBB2 inhibitors that can be reversed through the use of therapies targeting the PI3K pathway. As a foundation to evaluate ERBB2 dependency in GE adenocarcinomas, we evaluated the sensitivity of a panel of ERBB2-amplified GE adenocarcinoma cell lines (Supplemental Table 5 ) to the EGFR/ERBB2 inhibitor lapatinib and found a range of sensitivities. Among these cell lines, NCI-N87 and OE19 had greater in vitro sensitivity to the ERBB2 inhibitor. By contrast, ESO26, OE33, and MKN7 cell lines had substantially less growth inhibition. We therefore asked whether other genomic alterations could impact the response of these models to lapatinib. We found that ESO26, which harbors an endogenous 28, and AKT3 codon 287, were of unclear pathogenic significance (Supplemental Table 4 ). We also found 6 mutations in RTKs such as ERBB3 (n = 3), MET (n = 2), and FGFR2 (n = 1). Although the amino acid positions of 3 of these specific mutations (ERBB3 M60K, MET T602fs, and FGFR2 P413R; summarized in Supplemental Table 4 ) had been reported in other cancer samples, the functional importance of these mutations is not known.
Integrated analysis of amplified and mutant events in these cases revealed that 23 of the 42 samples (54.8%) had a co-occurring genomic event of potential functional significance (Figure 2A ) when we included all amplifications of established oncogenes and point mutations of established functional relevance. Grouped by the shared pathways, we observed amplifications of the cell-cyclerelated genes in 17 samples (40.5%), activating PI3K pathway alterations in 6 samples (11.9%), and amplifications of other RTKs in 6 samples (14.3%). Many of these were mutually exclusive, but cell-cycle gene alterations co-occurred with RTK alterations in 4 samples and with PI3K pathway alterations in 3 samples. Separating the profiles of tumors of gastric origin from those of esophageal origin revealed similar patterns of alterations in the 2 groups (Supplemental Figure 3) . By comparison, in ERBB2 + breast cancer, we identified 100 cases from TCGA with matched copy-number and exome data. In this group of tumors, 42 (42%) harbored similar secondary genomic alterations of potential functional significance (Supplemental Figure 4) .
One limitation of our analysis is that we defined ERBB2 status based on copy number alone, whereas clinical diagnostics, which growth inhibition ( Figure 3E ) and successful blockade of the persistent phosphorylation of AKT in ESO26 cells ( Figure 3F ). More formal synergy testing of GDC-0941 and lapatinib in the ESO26 cell line revealed a synergistic effect (CI = 0.3866) (Supplemental Table 6 ). Additionally, we observed a similarly enhanced sensitivity when GDC-0941 was added to trastuzumab in the ESO26 cells (Supplemental Figure 7A) . Furthermore, the MKN7 model, with ERRB2 amplification in addition to CCNE1 amplification and PTEN deletion, had a modest synergistic effect from the addition of PI3K inhibition to lapatinib, although not as substantial as that observed in the ESO26 model. To determine whether the ability of the PI3K inhibitor to enhance lapatinib activity was a general effect or more specific to the models with PI3K pathway alterations, we also tested the impact of the addition of GDC-0941 to lapatinib therapy in the OE33 cell line, a lapatinib-insensitive, ERBB2-amplified cell line, and found a much more modest effect (CI = 0.8826) (Supplemental Figure 8 and Supplemental Table 6 ).
MET coamplification was associated with a lapatinib resistance that could be reverted by the addition of an MET-targeting drug.
We next sought to investigate the potential for co-occurring genomic PIK3CA mutation at codon 546 (Q546H), immediately adjacent to the canonically mutated codon 545, was less sensitive to lapatinib than were NCI-N87 or OE19, ERBB2-amplified cell lines lacking co-occurring genomic events that would be predicted to mitigate ERBB2 inhibitor effects ( Figure 3A ). ESO26 was furthermore resistant in vitro to trastuzumab (Supplemental Figure 7A ). In addition, OE33 cells, harboring a co-occurring MET amplification and MKN7 cells, with a co-occurring CCNE1 amplification and PTEN deletion, were resistant to lapatinib and trastuzumab ( Figure 3A and Supplemental Figure 7 , B and C)
We next evaluated the ability of inhibition of the PI3K pathway to augment lapatinib sensitivity. We first compared the biochemical effects of lapatinib in the ESO26 cell line with those of the highly lapatinib-sensitive NCI-N87 line. Although ERBB2 phosphorylation was completely blocked by lapatinib treatment in both cell lines, the phosphorylation of AKT, a downstream effector of PIK3CA, persisted in ESO26 cells, but was inhibited in the NCI-N87 cells ( Figure 3 , B and C). We evaluated the ability of a small-molecule inhibitor of the p110 subunit of PI3K -GDC-0941 -to augment the response of ESO26 to lapatinib and found gesting direct phosphorylation of ERBB2 by constitutively active MET (Supplemental Figure 9 ). Although trastuzumab treatment had little in vitro efficacy alone in OE33 cells, we observed a similar augmentation of response when it was combined with crizotinib treatment (Supplemental Figure 7B ). We next tested crizotinib's ability to augment lapatinib sensitivity in cell lines without MET amplification, ESO26, or MKN7. Unlike in the OE33 cell line, MET inhibition did not appreciably impact lapatinib sensitivity in the ESO26 or MKN7 cell lines (Supplemental Figure 8) . These results suggest that identification of secondary kinase amplifications that co-occur with ERBB2 amplification may identify patients in whom dual-inhibitor strategies may be clinically efficacious.
Expression of activating PIK3CA mutants was required and was sufficient to induce lapatinib resistance in an ERBB2-amplified, lapatinib-sensitive cell-line model. To further investigate the causal role of PIK3CA mutation in drug resistance, we generated an isogenic cell-line model from the originally highly drug-sensitive NCI-N87 amplifications of additional RTKs to impact the response to ERBB2 inhibition in GE adenocarcinomas, looking first at the kinase MET. The OE33 cell line, an ERBB2 and MET coamplified model (34) , was notably insensitive to lapatinib ( Figure 3A) . Biochemically, ERBB2 phosphorylation was not decreased, despite treatment with 1 μM lapatinib ( Figure 3D ), and MET was constitutively phosphorylated regardless of lapatinib treatment. Upon the combined treatment of the MET inhibitor crizotinib (35) with lapatinib, we found that the growth of OE33 was dramatically inhibited compared with that seen with either drug alone ( Figure 3G ). Formal synergy testing of lapatinib and crizotinib in the OE33 cell line model revealed a CI value of 0.2816, which was strongly synergistic (Supplemental Table 6 ). Moreover, ERBB2 phosphorylation disappeared only upon treatment with both drugs ( Figure 3H ). To explain the potential mechanism by which MET could influence ERBB2 phosphorylation, we performed coimmunoprecipitation experiments in the OE33 model, revealing the physical interaction of MET and ERBB2 and sug- cells into which we retrovirally transduced PIK3CA-mutant or constitutively active myristolyated AKT constructs. NCI-N87 cells expressing PIK3CA mutants or activated AKT shifted in their lapatinib sensitivity to levels equivalent to those of the ESO26 cells ( Figure 4A ). We found that the lapatinib resistance conferred by PIK3CA mutations was abolished by the combined treatment with either the PI3K-targeting drug GDC-0941 or the dual-PI3K/ mTOR inhibitor NVP-BEZ235 ( Figure 4, C and D) . The addition of these PI3K-targeting drugs did not augment the lapatinib effects in control NCI-N87 cells, implying that lapatinib could sufficiently inhibit the pathway in these cells ( Figure 4B ). However, the lapatinib resistance conferred by a constitutively active AKT was not affected by PI3K-targeting drugs, as would be expected, given that AKT is downstream of PI3K ( Figure 4E ). Taken together, PIK3CA mutations significantly reduced sensitivity to ERBB2-targeting agents in ERBB2-amplified GE cell line models, and sensitivity could be restored by combining PI3K and ERBB2 inhibition.
Coamplification of cell-cycle mediators reduces the responsiveness of GE adenocarcinomas to ERBB2 inhibition.
A striking set of co-occurring oncogenic alterations was the frequent amplification of cellcycle mediators, namely CDK6, CCND1, and CCNE1, in ERBB2-amplified GE cancers. Among these, amplifications of CCNE1 were notable, given both their frequency (24% of cases) and their recently reported role as an etiology of trastuzumab resistance in breast cancer (15) . CCNE1 and CCND1, which encode cyclin E1 and cyclin D1, respectively, act by activating cyclin-dependent kinases to phosphorylate Rb and promote cell-cycle progression. Our analysis of genomic data from the 62 ERBB2-amplified GE tumors with the GISTIC tool revealed a highly significant (q = 2 × 10 -16 ) amplification occurring on chromosome 19q12. The peak of amplification identified by GISTIC included only 1 gene, CCNE1 (Supplemental Table 1 ). Focal amplifications of CCNE1 have been seen in genomic studies of breast cancer and uterine serous cancer (36) (37) (38) .
Cyclin E1 complexes with the cell-cycle kinase CDK2 to phosphorylate Rb and promote the cell cycle. In breast cancer, acquired CCNE1 amplification is reported to induce trastuzumab resistance, which can be reversed by CDK2 blockade (15) . We investigated drug sensitivity in the CCNE1-and ERBB2-coamplified gastric cancer cell line MKN7, finding it to be relatively insensitive to monotherapy with either lapatinib (Figure 5A ) or the CDK1/2 inhibitor AZD5438 ( Figure 5B) . However, the addition of AZD5438 augmented the antiproliferative impact of lapatinib at a dose of 500 nM, which is able to effectively inhibit CDK2, as determined by inhibition of Rb phosphorylation ( Figure 5C ). Synergistic testing of lapatinib and AZD5438 revealed a CI value of 0.3489 in the MKN7 cell line (Supplemental Table 6 ). We also tested the addition of AZD5438 to lapatinib sensitivity in OE33 and ESO26 and found no similar evidence of synergy (Supplemental Table  6 and Supplemental Figure 8 ), thus suggesting that the ability of CDK2 inhibition to synergistically augment ERBB2 inhibition is not a general feature of these cancers, but is perhaps specific to those tumors with CCNE1 amplification. However, we found that the insensitivity to lapatinib monotherapy and its reversal upon combined CDK2 blockade did not correlate with the phosphorylation of downstream signaling mediators such as AKT and ERK ( Figure 5 , D and E). Beyond CCNE1 amplification, we also noted amplification of CCND1 and CDK6. Cyclin D1 acts with CDK4 and CDK6 to phosphorylate Rb and promote cell-cycle progression. Therefore, analogous to the use of CDK2 inhibitors in the setting of pathologic overexpression of cyclin E1, we hypothesized that the presence of cyclin D1 or CDK6 amplification/overexpression in the setting of ERBB2 amplification could mark tumors in which CDK4/6 inhibitors enhance the effects of ERBB2 inhibition. Although we lacked models with preexisting amplification of CDK6 or CCND1, we engineered the lapatinib-sensitive cell lines OE19 and NCI-N87 with ectopic CDK6 (or GFP control) ( Figure 5F ) and found CDK6-induced lapatinib resistance ( Figure 5A ). The CDK4/6 inhibitor palbociclib (PD-0332991) did not have marked monotherapeutic effects but abrogated the impact of CDK6-induced resistance to both cyclin E1 and ERBB2, demonstrating that these oncoproteins are frequently coexpressed in the same tumor cells, consistent with the potential for cyclin E1 overexpression to be an etiology of resistance to ERBB2-directed therapy.
Overexpression of EGFR with ERBB2 may impart sensitivity to dual EGFR-ERBB2 inhibitors.
We next explored the observation from our genomic analysis that tumors with ERBB2 amplification co-occurred with EGFR amplification in GE adenocarcinomas more commonly than in breast cancer. EGFR is known to play an important role in gut epithelial homeostasis (39, 40) , perhaps providing some rationale for the greater amplification of EGFR in gut-derived cancer. Because overexpression of EGFR has been implicated in trastuzumab resistance in ERBB2-amplified breast cancers (17, 18, 41) , we sought to investigate the expression of EGFR in ERBB2-amplified GE adenocarcinoma compared with that in breast cancer. We first queried mRNA expression of EGFR, ERBB2, and ERBB3 in primary ERBB2-amplified breast and GE adenocarcinomas using TCGA data (32) . While ERBB2 levels were similar in the 2 populations, ERBB3 mRNA expression was significantly higher in the breast cancers (P < 0.0001), and EGFR mRNA expression showed a trend toward higher levels in gastric tumors (P = 0.157) ( Figure 7D ). Further analysis of EGFR expression relative to the genomic status of EGFR within TCGA data revealed that in addition to cases with genomic alterations of EGFR, further cases also harbored elevated expression (Supplemental Figure 12) , suggesting that EGFR plays a role in GE adenocarcinoma, even in cases lacking genomic alterations of EGFR. Similarly, immunohistochemical analysis of a separate sample set showed a trend toward more frequent EGFR protein expression in ERBB2-amplified GE adenocarcinoma (7 of 12, 58.3%) than in breast cancers (12 of 32, 31.3%) ( Figure 7E ). Together, these data suggested that in ERBB2 + GE adenocarcinoma, coexisting EGFR expression may commonly occur, raising the question of whether the presence of this co-occurring event also has therapeutic implications.
We next evaluated the hypothesis that EGFR expression impacts the sensitivity of ERBB2 + GE adenocarcinomas to ERBB2 inhibition. We noted that the pattern of sensitivity of the GE adenocarcinoma cells to trastuzumab and lapatinib was discrepant from that of breast cancer cells (Figure 7, A and B) . We observed that OE19 and NCI-N87 were sensitive to lapatinib but more resistant to trastuzumab, whereas breast cancer cells such as SK-BR3 and ZR75-30 were sensitive to trastuzumab but were less sensitive to lapatinib. BT474 cells were sensitive to both drugs. The discrepancy in drug sensitivity for NCI-N87 is supported by recent xenograft data (42) . We evaluated the expression of ERBB2, EGFR, and ERBB3 among these models. Indeed, although OE19 and NCI-N87 cells did not harbor genomic alterations of EGFR, they had more abundant phosphorylated and total EGFR than did BT474 and ZR75-30 cells ( Figure 7C ). In contrast, phosphorylated and total ERBB3 was more abundant in breast cancer cells. Those differences in EGFR and ERBB3 abundances were clearly associated with the relative amounts of EGFR:ERBB2 or ERBB3:ERBB2 heterodimeric complexes, as determined by coimmunoprecipitation of ERBB2 from cell-line models (Supplemental Figure 13) .
We hypothesized that with higher EGFR expression, EGFR blockade may augment the effect of trastuzumab, which targets only ERBB2. Indeed, in OE19, NCI-N87, and SK-BR3, the addi-ERBB2 inhibition ( Figure 5, G and H) . Unlike with ERBB2 + models with coexisting MET or PIK3CA alterations, neither overexpression of CDK6 nor inhibition of CDK6 altered the effects of lapatinib upon phosphorylation of AKT (Supplemental Figure 10) . Together with the results from the MKN7 cell line, these data support the potential for testing the addition of targeted agents inhibiting cellcycle progression to augment the impact of ERBB2-directed therapy in select patients with ERBB2 + GE adenocarcinomas. Effect of CDK2 inhibitor therapy on patient-derived cells of ERBB2/CCNE1 coamplified gastric cancer. We also sought to supplement our in vitro studies of ERBB2 resistance by evaluating a patient with metastatic ERBB2 + gastric cancer who achieved partial response to trastuzumab/capecitabine/cisplatin but whose disease subsequently progressed during trastuzumab treatment ( Figure  6A ). Tumor samples were available from both the initial primary tumor and a liver metastasis at the disease progression stage. While we initially intended to evaluate the acquired resistance of ERBB2 + GE adenocarcinoma, detailed analysis suggested that despite the apparent clinical response, this particular tumor may paradoxically have harbored de novo resistance of the ERBB2 + tumor to ERBB2-containing therapy. Pathologic review of the pretreatment sample revealed that the ERBB2-amplified section was only a small subset of the larger primary tumor. In contrast to our expectations, the tumor that emerged following therapy showed homogeneous ERBB2 positivity, indicating that the ERBB2-amplified subpopulation emerged during trastuzumab therapy ( Figure 6 , B and C) due to intrinsic resistance to trastuzumab-containing therapy.
Genomic testing revealed the presence of ERBB2 and CCNE1 coamplification in both the pretreatment sample and the resistant metastatic lesion (Figure 6, D and E) . To evaluate the hypothesis that the CCNE1 amplification attenuated ERBB2 inhibitor sensitivity, malignant cells from ascites taken at the time of disease progression were cultured for drug sensitivity testing. Indeed, although in vitro testing of this culture showed moderate sensitivity to lapatinib, treatment with the CDK1/2 inhibitor AZD5438 was able to augment the antiproliferative impact of lapatinib (Figure 6F) , consistent with our earlier results in the CCNE1/ERBB2-coamplified cell line MKN7. This model was insensitive to trastuzumab therapy in vitro. However, we found that trastuzumab was able to modestly increase the sensitivity of this model to CDK2 inhibition. While there could be many alternative etiologies of therapy failure in any given patient, this example offers initial clinical support for our hypothesis that CCNE1 amplification can attenuate ERBB2 inhibitor sensitivity and that emerging CDK2-directed agents should be evaluated in such patients as a potential means to enhance response to therapy.
This clinical example also raised another possible factor that could lead to the presence of multiple distinct activated oncogenes in ERBB2-amplified samples: that is, intratumor heterogeneity. In this patient, the CCNE1 amplification was found in both the region of the tumor with ERBB2 amplification and in the ERBB2-negative region. To follow the observation from this patient, we investigated ERBB2 and cyclin E1 protein expression across additional ERBB2 + GE adenocarcinomas. We evaluated 23 gastric cancers with strong (3+) ERBB2 expression and found 10 cases (43.5%) with cyclin E1 protein overexpression ( Supplemental Figure 11) . Eight of the 10 cases showed homogeneous expression of Secondary oncogenic events spanned RTKs, cell-cycle mediators, and the PI3K signaling pathway. It is likely that as more tumors are genomically profiled, we will identify additional co-occurring alterations. Although it has not been fully established whether CCNE1 is itself an oncogene, in breast cancers, amplification and overexpression of CCNE1 has been implicated in the resistance to trastuzumab treatment (15) . Furthermore, PI3K pathway activation by activating PIK3CA gene mutations or by inactivation of PTEN has been reported to confer resistance to ERBB2-directed therapies (12, 44) . In this report, we show for the first time to our knowledge that amplifications of cell-cycle-related genes such as CCNE1 and CDK6 and the persistent activation of the PI3K pathway coexist in considerable proportions of ERBB2-amplified GE adenocarcinomas (40.5% and 11.9%, respectively). Also, we present what we believe to be novel functional evidence that these genomic alterations contribute to attenuated sensitivity of in vitro ERBB2-amplified GE adenocarcinoma cell-line models to ERBB2 inhibition.
MET amplification and ERBB2 amplification had been thought to be mutually exclusive based on analyses of smaller datasets (29) . However, with the unprecedented size of this analysis, we identified the frequent co-occurrence of MET amplification in the setting of ERBB2 amplification. Although the role of MET in resistance to ERBB2-directed therapies has been reported in gastric cancer (45) , that report evaluated only the effect of the exogenous ligand HGF, not the amplification of MET. Our analysis also revealed that ERBB2 + GE adenocarcinomas recurrently harbor EGFR coamplification and that EGFR may be overexpressed in tumors lacking EGFR genomic aberrations. Our data suggest that for those ERBB2-amplified GE adenocarcinomas with abundant EGFR expression, existing dual EGFR/ERBB2-directed therapies may be more effective. However, our hypothesis must be considered in light of recent clinical data on the use of EGFR and dual EGFR/ERBB2 inhibitors to treat ERBB2 + GE adenocarcinomas. Use of an EGFR inhibitor as a single agent or in combination with chemotherapy has not been proven to be clinically effective (46, 47) . The results in 10 patients with ERBB2-amplified GE adenocarcinoma who received the single agent afatinib, an irreversible dual EGFR/ERBB2 inhibitor, were disappointing (48) . Furthermore, the systematic use of lapatinib in addition to chemotherapy did not lead to a statistically significant improvement in the survival rates of ERBB2 + patients when given either as frontline therapy in the phase III LOGiC trial or as a second-line treatment in the phase III TyTAN trial (9, 49) . However, within the TyTAN trial, the subgroup with 3 + ERBB2 status, as demonstrated by FISH, showed an increase in survival with receipt of lapatinib following failure of trastuzumab (49) . One potential limitation in our study is that only limited cell-line models were available. Therefore, future extended analysis using primary human GE adenocarcinoma tissue or patient-derived xenografts with distinct combinations of targets will be necessary to further validate our hypotheses. Taken together, it will be important to further evaluate the secondary genomic and molecular features of tumors in trials of distinct ERBB2 inhibitors to determine whether specific features, such as EGFR expression, identify patients who have distinct responses to specific classes of agents and those who have a broader poor response to ERBB2-directed therapy.
These observations also raise other questions that will need to be addressed in future studies. In some cases, tumors can hartion of erlotinib increased the antiproliferative effect of trastuzumab ( Figure 7 , F-J). Although the phosphorylation of EGFR or ERBB2 was not effectively inhibited by trastuzumab or erlotinib in those cells, it was further inhibited by the combination of both (Supplemental Figure 14) . By contrast in BT474 and ZR75-30, the addition of erlotinib to trastuzumab therapy had little impact, thus reducing the concern that erlotinib effects in EGFR-positive lines stem from its potential direct inhibition of ERBB2 (43) . These data suggest that ERBB2-positive GE adenocarcinoma patients with expression or genomic activation of EGFR may benefit from dual ERBB2 and EGFR inhibition.
Discussion
Through comprehensive genomic characterization and functional validation, we demonstrated that more than a half of the ERBB2-amplified GE adenocarcinomas had additional oncogenic alterations that could potentially hamper the growth-inhibitory effect of ERBB2-targeting drugs. Among the oncogenic alterations, we showed that amplifications of cell-cycle-related genes such as CCNE1 and CDK6, PI3K pathway activation by activating PIK3CA mutations, and amplification of MET conferred resistance to ERBB2-targeting drug in in vitro ERBB2-amplified cell-line models. We also demonstrated that the combined treatment of ERBB2-amplified cells having those secondary oncogenic alterations with drugs targeting the secondary oncogene enhanced the inhibition of cell growth. Finally, we present new data suggesting that in the setting of ERBB2 amplification, elevated EGFR expression identifies tumors that would be more effectively treated with combined ERBB2 and EGFR small-molecule inhibitors than with antibodies that target ERBB2 alone. of ERBB2 amplification based on either matched SNP arrays or copy numbers inferred from exome data (27) . Genomic characterization of patient-derived tissue samples. We evaluated a patient with metastatic ERBB2-amplified gastric adenocarcinoma who had a partial response to the combination of trastuzumab, capecitabine, and cisplatin and whose disease subsequently progressed during trastuzumab treatment. Fresh-frozen tissue samples were obtained from an initial gastric biopsy and from malignant ascites at the disease progression stage. Genomic characterization was performed using a focused Illumina exome capture and sequencing platform as described previously (http://www.ncbi.nlm.nih.gov/ biosample/3106204) (52) .
In vitro drug sensitivity assay. Cell viability was measured by the CellTiter-Glo Luminescent Cell Viability assay (Promega) according to the manufacturer's instructions. For small-molecule inhibitors, cells were allowed to grow for 3 days, and for trastuzumab, cells were grown 5 days after treatment. All experiments had 4 technical replicates and 3 biological replicates. Synergy testing was performed using the ChouTalalay method as previously described (53) . Briefly, 5 different concentrations of each drug (0.25X, 0.5X, 1X, 2X, and 4X IC50) were given either alone or in combination, maintaining a constant ratio. Viability was then measured using CellTiter-Glo, and the results were analyzed using COMPUSYN (53) .
Detection of EGFR:ERBB2 or ERBB3:ERBB2 heterodimers. To detect oligomerized ERBB family member proteins, we crosslinked protein in cultured cells with BS3 (bis[sulfosuccinimidyl] suberate) (Pierce Biotechnology) as described previously (54) . Crosslinked cell cultures were harvested and immunoprecipitated with anti-ERBB2 antibody. Immunoprecipitates were probed with either anti-EGFR or anti-ERBB3 antibody.
Tissue microarray and immunohistochemistry. To evaluate the relative frequency of EGFR expression in ERBB2-amplified GE adenocarcinomas and in breast cancers, we used tissue microarrays that had matched copy-number information. ERBB2 overexpression and amplification were confirmed by immunohistochemistry and chromogen in situ hybridization (CISH) as described previously (55) . We stained sections of tissue microarrays with anti-EGFR antibody (clone 2-18C9; Dako). EGFR staining was considered positive when more than 10% of the stained tumor cells showed unequivocal membranous staining.
To address the intratumoral heterogeneity in terms of ERBB2 and CCNE1 overexpression in the ERBB2-amplified GE adenocarcinoma, we performed immunohistochemistry with anti-ERBB2 (Novocastra) and CCNE1 (clone HE12; Thermo Fisher Scientific) on a collection of 23 human gastric cancers with strong (3+) ERBB2 expression.
Patient-derived tumor cells and drug treatment. Malignant cells were isolated from malignant ascites drained for therapeutic purposes. The cells were cultured in RPMI medium supplemented with 10% FBS. Cell growth inhibition was determined by CellTiter 96 Aqueous One Solution assay (Promega) according to the manufacturer's protocol.
Statistics. Statistical analyses of somatic copy-number data were performed with GISTIC as detailed in the Supplemental Methods. For functional experiments, comparisons between experimental arms were performed by 2-tailed Student's t tests, with P values of less than 0.05 considered significant. For all figures displaying numerical data, the bar charts show the mean with error bars representing SEM.
Study approval. Cells derived from a single patient were collected with the patient's written informed consent and IRB approval of Sambor more than 2 actionable mutations. In these situations, it will be important to evaluate which secondary targets should be prioritized and develop combination strategies that allow patients to tolerate dosing of multiple inhibitors. Targeting multiple driver events within the same tumor will place a higher importance on patient selection for these studies and will also require efforts to not only measure drug target engagement, but to also validate that the drug combinations are effectively inhibiting the activity of downstream targets such as AKT and ERK. Studies will also be needed to address the question of genomic heterogeneity within GE cancers. Intratumoral heterogeneity of ERBB2 expression and amplification has been reported (50), but our data do not reveal whether those alterations co-occur in the same cells in tumors with multiple oncogenic alterations. Indeed, there may be cases in which secondary oncogenic events occur in subpopulations distinct from the population of cells with ERBB2 amplification. Even in the case of genomic heterogeneity, however, optimal therapy would likely require combinations of targeted therapies to attack distinct drivers of genomic alterations.
Prior to the introduction of trastuzumab combination therapy, systemic therapy for GE adenocarcinomas effectively treated all tumors as a single entity. The new paradigm by which ERBB2 status is used as a biomarker to select patients for trastuzumabcontaining therapy is a substantial advance. However, current efforts to identify the means of enhancing ERBB2-amplified GE adenocarcinoma therapy approach ERBB2-amplified GE adenocarcinomas as a single entity, with the goal of identifying optimal treatment for all patients with these tumors. Furthermore, these current approaches do not take into consideration the potential impact of oncogenes other than ERBB2 on the selection of optimal therapy. Indeed, many current trials for trastuzumab-refractory disease are focused on testing new, second-generation ERBB2-directed therapies in the hope that augmented ERBB2 inhibition will be able to restore sensitivity. Based on our focused genomic analysis of ERBB2-amplified GE adenocarcinomas, we propose a new model, in which these ERBB2 + GE cancers can be further subdivided by the presence of other preexisting alterations that cooccur with ERBB2 amplification. Our data suggest that the molecular subclassification of ERBB2-amplified GE adenocarcinomas and the development of clinical trials testing a combination treatment according to the subclassification might significantly improve therapeutic outcomes for patients with this deadly disease.
Methods
Genomic characterization of human samples and cell-line models. To interrogate the significantly co-occurring oncogenic copy-number alterations in ERBB2-amplified cancers, we took 743 gastric cancer samples with SNP Array 6.0 data from the published dataset (26, 29) . From this set, we identified 62 ERBB2-amplified cases, defined by normalized log 2 (copy-number ratio of tumor/normal) of 0.9 or greater. Using the same criteria, we pulled 103 ERBB2-amplified breast cancer cases (~11.2%) out of 916 patients (32) . Then, we ran GISTIC 2.0 (51) on the copy-number data for each sample set. To identify co-occurring oncogenic mutations, we analyzed exomesequencing data on samples from our previously published studies (27) and samples from TCGA (30) . We were able to collect 486 samples with exome-sequencing data, of which 42 (8.6%) had evidence
